Abstract The possibility of 3-chlorobenzoate removal from water using an upflow anaerobic sludge blanket (UASB) reactor without the addition of any extra dechlorinating culture under light conditions has been studied on a laboratory scale. Benzoate removal was observed in the first three months of operation under light conditions, but the 3-chlorobenzoate removal was not observed. After three months of operation under light conditions, the 3-chlorobenzoate concentration in the UASB reactor effluent gradually decreased to less than 1 mg·l -1 . The 3-chlorobenzoate concentration in the effluent did not increase under dark conditions. The DOC concentration in the effluent decreased according to the removal of the 3-chlorobenzoate by the UASB granules. These results indicated that granules in the UASB reactor provided the 3-chlorobenzoate removability after 80-100 d of adaptation to the 3-chlorobenzoate, and that the UASB reactor is useful for 3-chlorobenzoate removal.
Introduction
Chlorinated aromatic compounds have been used for herbicides and pesticides, and sometimes cause problems with the water and soil environments due to their toxicity. Bioremediation is one of the technological options to remove chlorinated aromatic compounds from the water and soil environments. Anaerobic degradation of these compounds has been studied, and the first anaerobic isolate is Desulfomonile tiedjei that dechlorinates 3-chlorobenzoate with formate and acetate added as the carbon source (Shelton and Tiedje, 1984) . The upflow anaerobic sludge blanket (UASB) method using highly bioactive granules was proposed to complete the stable anaerobic digestion of wastewater at a high rate of organic loading (Lettinga et al., 1980) , and has been used for wastewater treatment mainly in the food industry and breweries. The degradation of 3-chlorobenzoate was observed in the UASB reactor with the addition of a pure culture of D. tiedjei or a 3-chlorobenzoate dechlorinating consortium, but not observed without the extra addition of any culture to the granules (Ahring et al., 1992) .
During the anaerobic treatment of organic wastewater, degradable organic materials are converted to methane and carbon dioxide by a variety of anaerobes. Purple nonsulfur bacteria can simultaneously consume organic compounds, ammonium and phosphate in wastewater under anaerobic light conditions (Sasikala and Ramana, 1995) . Phototrophic bacteria, acetogens and methanogens are all anaerobes, and together, they form an ecosystem in natural anaerobic environments. Methane fermentation and phototrophic bacterial growth in an anaerobic digester were reported to be inversely related under light conditions (Lalitha et al., 1994) . We found that the growth of phototrophic bacteria was induced from UASB granules under anaerobic light and sulfate-poor conditions, and studied the lighted upflow anaerobic sludge blanket (LUASB) method (Sawayama et al., 1999b) .
The ammonium and phosphate ion removal efficiencies of the LUASB reactor under sulfate-poor conditions were, respectively, 3 and 26 times higher than those of the conventional UASB reactor without decreasing the organic carbon removal efficiency (Sawayama et al., 1999a) . Strains RN1 and GN1 as phototrophic bacteria were isolated from the LUASB reactor effluent. A comparison of the 16S rRNA gene sequences and phenotypic characteristics suggested that strains RN1 and GN1 are Rhodopseudomonas palustris and Blastochloris sulfoviridis, respectively (Sawayama et al., 2000a) . R. palustris could be a major phototrophic bacterial population in the LUASB reactor under sulfatepoor conditions and B. sulfoviridis could be a minor one. The R. palustris strain RN1 and B. sulfoviridis strain GN1 could use acetate and propionate as electron donors in the LUASB reactor under anaerobic light conditions (Sawayama et al., 2000b) . R. palustris was reported to use 3-chlorobenzoate as the sole source of carbon under anoxic conditions in the presence of light (Krooneman et al., 1999) .
In this study, removal of 3-chlorobenzoate from water using the UASB reactor under light conditions was studied on a laboratory scale without the addition of any dechlorinating culture.
Materials and methods

UASB reactor
A total of 530 ml of seed UASB granules provided by the Ebara Corp., Kanagawa, Japan, were placed in a cylindrical glass vessel (80 × 180 mm, a volume of 850 ml, Able, Tokyo, Japan) for the UASB reactor. The lower part (10.5 cm from the bottom) of the UASB reactor was covered with aluminium foil to prevent light penetration under light conditions (Figure 1 ).
Reactor operation
The UASB reactor was maintained at 35°C under light conditions with continuous incandescent illumination of 100 µE·m -2 ·s -1 (operational day 1-126) or under dark conditions (operational day 127-224). The reactor was supplied with a medium at a hydraulic residence time of 1.3 d (operational day 1-109) or 1.0 d (operational day 110-224) without sterilization. The UASB reactor was supplied with a medium containing 78.3 mg·l -1 3-chlorobenzoate, 0-144.1 mg·l -1 sodium benzoate, 2.5 g·l -1 sodium acetate, 1.25 g·l -1 sodium lactate, and 1.25 g·l -1 sodium propionate. The following chemicals were also added to the medium: 200 mg·l -1 NH 4 
to the inside glass surface of the UASB reactor were removed daily or every other day using a wiper to maintain transparency.
Analyses
The concentrations of the 3-chlorobenzoate and benzoate were determined by ion chromatography (DX120; Dionex Corp., Sunnyvale, CA, USA) using an IonPac AS4A column (Dionex). The concentration of dissolved organic carbon (DOC) was determined using a TOC meter (TOC-5000A, Shimadzu, Kyoto, Japan). Bacteriochlorophyll (BChl) was extracted with acetone-methanol, and its concentration was measured using a 120A Spectrophotometer (Shimadzu, Kyoto, Japan) (Cohen-Bazire et al., 1957) . The oxidation-reduction potential (ORP) in the reactor was monitored using an ORP electrode (ORP Fermprobe; Broadley James, Irvine, CA, USA).
The biogas yield from the bioreactor was monitored by the displacement of saturated sodium chloride solution. The biogas composition was determined using a gas chromatograph (model GC-12A, Shimadzu) with a Porapak Q column (Shinwakakou, Kyoto, Japan) at 90°C.
Results and discussion
A benzoate concentration in the UASB reactor effluent gradually decreased to 0.0 mg·l -1 (day 27) under light conditions. After 80 days of operation, the 3-chlorobenzoate concentration in the effluent gradually decreased from 75.4 mg·l -1 (day 76) to 0.6 mg·l -1 (day 103) (Figure 2 ). When the hydraulic residence time decreased from 1.3 d to 1.0 d, the benzoate concentration in the effluent slightly increased (Figure 3 ), but not the 3-chlorobenzoate concentration. The 3-chlorobenzoate concentration in the effluent did not increase under dark conditions. The DOC concentration in the effluent decreased according to the 3-chlorobenzoate removal using the UASB granules (Figure 4) . These results indicated that granules in the UASB reactor provided the 3-chlorobenzoate removability after 80-100 d of adaptation to the 3-chlorobenzoate, and that the UASB reactor is useful for the 3-chlorobenzoate removal.
The degradation of 3-chlorobenzoate was observed in the UASB reactor with the addition of a pure culture of D. tiedjei or a 3-chlorobenzoate dechlorinating consortium, but not observed without the extra addition of any culture to the granules (Ahring et al., 1992) . The present study indicated that 3-chlorobenzoate could be removed using the UASB reactor without the addition of any dechlorinating culture after sufficient adaptation of the granular microbes to the 3-chlorobenzoate. The BChl concentration in the effluent changed between 1.3-5.0 mg·l -1 ( Figure 5 ). The BChl concentration in the effluent decreased under dark conditions. R. palustris was previously suggested to be a major phototrophic bacterial population in the LUASB reactor (Sawayama et al., 2000a) . The phototrophic bacterial population in the reactor could decrease under dark conditions. R. palustris was reported to use 3-chlorobenzoate as the sole source of carbon under anoxic conditions in the presence of light (Krooneman et al., 1999) . D. tiedjei and other anaerobes were also reported to anaerobically dechlorinate 3-chlorobenzoate (Shelton and Tiedje, 1984) . The ORP in the UASB reactor was maintained at less than -400 mV under light and dark conditions. Considering that 3-chlorobenzoate was removed even under dark conditions by the granules, D. tiedjei was a candidate as a 3-chlorobenzoate degrader in the reactor. The biogas yield from the UASB reactor increased after operational day 110 (Figure 6 ). There could be an inverse relationship between the growth of phototrophic bacteria under light conditions and biogas production (Sawayama et al., 1999a) .
Further investigation is necessary to identify the real degrader of 3-chlorobenzoate in the UASB reactor under light conditions and to determine whether the supplying of light to the reactor is necessary or not for the 3-chlorobenzoate removal using the UASB granules.
Conclusions
This study indicated that 3-chlorobenzoate could be removed using the UASB reactor without any addition of a dechlorinating culture after sufficient adaptation of the granular microbes to the 3-chlorobenzoate.
